Numerical simulations show that WT inversion succeeds for models with up to 80 percent velocity contrasts compared to the failure of full-wave inversion for some models with no more than 10 percent velocity contrast. We also show that the WT method succeeds in inverting a layered velocity model where a shooting ray-tracing method fails to compute the correct first arrival times. The disadvantage of the WT method is that it appears to provide less model resolution compared to full-wave inversion, but this problem can be remedied by a hybrid traveltime + fullwave inversion method (Luo and Schuster, 1989).
INTRODUCTION

Seismic inversion algorithms span the range between two extremes: traveltime inversion (Dines and
The problem with full-wave inversion, however, is that the misfit function (normed difference between observed and synthetic seismograms) can be highly nonlinear with respect to the velocity models. Gauthier et al. (1986) showed that full-wave inversion can fail for a velocity model with no more than 10 percent velocity contrast. A reason for this failure is that the misfit function is highly nonlinear with respect to velocity perturbations in the model. In this case a gradient method will tend to get stuck in local minima if the starting model is moderately far from the actual model.
Can one borrow the best characteristics of traveltime inversion (quasi-linear misfit function and robust convergence properties) and full-wave inversion (no approximations to the data) to create an inversion method free from approximations, robust in the presence of data noise, and quickly convergent for starting models far from the actual model? Traveltime inversion might achieve this goal if the wave equation, rather than the approximate method of ray tracing, is used to compute traveltimes and Frechet derivatives. This paper describes the derivation of a new velocity inversion method, wave-equation traveltime inversion (WT), which minimizes traveltime residuals using traveltimes and FrechCt derivatives computed from solutions to the wave equation. The merits of WT inversion are that it can invert for some velocity models with more than 80 percent contrast in impedance, its misfit function is roughly independent of realistic density variations, it can invert for complicated velocity models where shooting ray-tracing methods fail, no high-frequency assumptions about the data are necessary, and traveltime picking and event identification may sometimes be unnecessary. The disadvantage is that the WT method is characterized by less model resolution compared to that associated with a full-wave inversion method. We first present a derivation of the WT method, and then present results from synthetic and real data tests. The following analysis assumes that the propagation of seismic waves honors the 2-D acoustic wave equation. Let p(xr, t; x,),bS denote the observed pressure seismograms measured at receiver location x, due to a line source excited at time t = 0 and at location x,. For a given velocity model, P(Xr, t; x,),,, denotes the computed seismograms which satisfy the acoustic wave equation where i, = dp(x, t; x,)/at. Equation (3) is the connective function which will be used to compute the Frechet derivative.
Misfit function
The WT method attempts to determine a velocity model c(x) which predicts seismograms p(xr, t; x,)~~, that minimize the following misfit function: where AT is defined by equation (2) and the factor 112 is introduced for subsequent simplifications. This criterion can be generalized to account for the estimated observation errors or a priori information in model space.
A gradient method can be used to find the velocity model that minimizes equation (4). For simplicity, we discuss the steepest descent method although the conjugate gradient method can also be used ( Tarantola, 1987 Combining equations (9) and (5) yields an iterative method to invert for a velocity model c(x) from traveltime residuals. In Appendix B, we describe the computer implementation of this theory.
RELATIONSHIP OF WT INVERSION TO RAY-TRACING TRAVELTIME TOMOGRAPHY AND FULL-WAVE INVERSION
We show that in the high-frequency limit and under a linear perturbation assumption the WT method reduces to ray-tracing traveltime tomography. We also show that the WT method is approximately equivalent to full-wave inversion if the starting model is close to the true model.
According to 3-D asymptotic ray theory, P(xr, t; X,),,I = A(x,; X,),,t@t -7(X,; X,),,I],
where 7(x,; x,),,I is the traveltime computed along rays for a given velocity model and A(x,; x,),,~ is the amplitude factor which accounts for spherical spreading losses (Bleistein, 1984) . Substituting equation ( uration and velocity are the same as that in the Langan velocity model (Figure 2b ), except the density profile is that in Figure 4a . This density function was computed with a formula derived from well-log measurements (Gardner et al.,
1974) NUMERICAL EXAMPLES
The WT method is tested on three different crosswell data sets: synthetic crosswell data associated with a dipping layer and a fault model, synthetic crosswell data associated with an earth model (Langan velocity model) derived from a well log in Southern California (Langan et al., 1988) , and real crosswell data collected by Exxon in Texas. The dipping layer + fault model is used to verity that WT inversion is more robust than full-wave inversion, and the Langan velocity model is used to show that WT inversion succeeds when ray tracing fails. The real data inversion is used to demonstrate that the WT method can successfully invert velocities from real data. Langan et al. (1988) showed that a shooting ray-tracing method could not accurately compute the traveltimes in the shadow zones of the model, suggesting that a ray-tracing tomography algorithm may be inappropriate for a velocity reconstruction. Figure 3 shows the velocity profile reconstructed by the WT inversion method using a steepest descent method.
In the Langan velocity model, the density is kept constant (4.0 10' kg/m3) for both forward modeling and inversion. In the Langan velocity-density model, the acquisition configwhere c is the velocity (Figure 2b) , co = 2000 m/s, and l/p, = 2.5 x 10e4 m3/kg. In the inversion, the incorrect lightness profile in Figure 4b is used. Despite an incorrect assumption of homogeneous density, the WT method still achieves an accurate velocity reconstruction (Figure 4d ) after 10 iterations.
Exxon crosswell data
Calnan and Schuster (1989) inverted the first arrival times from an Exxon crosswell data set using a ray tracing tomography algorithm. The crosswell geometry consisted of 96 evenly spaced downhole sources and receivers, 23 evenly spaced surface sources and receivers, the source and receiver well depths were 305.0 m, and the well offset was 183.0 m. The data and first arrival picks were of superb quality, partially due to the use of explosive sources. Figure  5 depicts a typical common shot point gather from the Exxon data set. Figure 6 shows the tomograms inverted from this crosswell data set. puter. Also, the ray-tracing code was considered to be inefficiently written. calculation of the fieldp' (x,, t; x,) (Gauthier et al., 1986) . We chose the latter option. For recalculation of the field p(x, t; xs), we need to store the history of the field of p(x, t; x,) at the boundaries, and, of course, the final two states of the field.
where the steepest descent method uses 
